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ABSTRACT

Recent experimental results are discussed for ● compact
toroid produced by ● field-revertied theta-pinch and
containin8 purely poloidal magnetic fieldm. The confinement
time la found to vary Inversaly with tha ion gyro-rmdlus ●nd
to be ●pproximately independent of ion temperature for fixed
gyro-radiue. Within ● coil of fixed radium, the plasmoid
major radiua R waa

i
var ed by ’30% and the confinement

appears to scale ●s R . A semi-empirical formation model
has been formulated that predicts reasonably well the plaama
parameters as magnetic field and fill preeaure are varied in
present ●xperiments. The model in used to predict
parametare in larger devices under construction



6. .

-2-

1. Introduction

A field-reversed configuration (FRC) is a compact toroid that contains no

toroidal field ●nd in which the plasma current 10 carried by particles of @mall

~o-radiue comparod to the plaema dimenaiona. FRC’S have been produced in the

laboratory, using the field-reversed theta-pinch, since the ●arly 1960’s. A

survey of the ●xperimental literature ie given in Ref. 1. In tlte relatively

recent experiments, such as the Los Alamoe FM-A ●nd FRX-B ●xperiments etarted

in 1977, lifetimes in the range of 10-100 paec ●re obtained, ●nd

obuoived to be 8rosoly stable for many Alf4en transit tjmes.

the plasma with respect to the theta-pinch coil is shown in Fi8.

This paper is davoted to the prumentation of recert reeulte

the plasma ie

me geometry of

1.

from the FRX

●xperiments ●t Los Alamoa and to a comparieo~l of theme raeults with a eemi-

empirical formation model. The organization of the material in as follows.

Section 11 contains a diecuasion of recent stable period scaling experiment on

PRX-B, Section 111 ●ddresses the lcaue of ●quilibrium constraints on the FRC

and the implications with respect to radial transport. In Sections IV ●nd V,

●pplications of the semi-empirical formation model to the new FRX-B data and to

the PRX-C device (praaently under construction) ● re considered.

11. Recent FM-B Scaling of the Stable Period

The n = 2 rotational instability in field-reveraad confiauratione, ●e haa

been noted in past work, may be ●ttributed to the tranafer of ●ngular momentum
.

th?’ough particle diffumion ●crote the separatrix.z This orifjin of rotation

raquiree that ●pproximately one-half of the initially confined plasma be lost

for the instability threehold to be ●xetieded. Previous measurements of particle

inventory decay for a particular set of condition ●re consistent wl”.1 tll~~

p-wdiction.~

The one-dimensional, La8rsn8ian, transport mod?l of Hamamaki, 3 where the

quasi-linear diffusion coefficient for the lower hybrid drift instability is

uaed,4’5 has indicttad that the time for half the particle inventory to be lott

acroaa the oeparatrix ●calee with R2/Pit but ie not a function of the ion

t~erature (R in the major radlue ●nd pi is the ion gyro-radiua). Pact

●xperimcntal work ~ppaarsd to be conmiotent with this scalin~ prediction. 1 The

preoent wrk hae ●xtandad the fmaation of fiald’reverrned confi8uratitme over a

much laraer ran8c of fill presmirem ●nd with significantly hisher confinina

fields makint it ponsiblo to taat RVPI scaling over a broader ●ot of
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conditiona. Though experimental limitation did not allow the maximum value of

R2/Pi to be significantly increaeied, the predicted scallng wati ●gain observed

over the ●xtended range af density, temperature, and magnetic field. It 1s

essential to note, however, that for both theary and ●xperiment, the theta-pinch

coil radius was kept conetant. The elicited scaling with R cannot, theref~re,

be directly ●pplied co the prediction of confinement in larg~. devices.

An experimental scan, in which the field waa varied at a fixed fill

preesure, indicates that the etable period is very Inaat,aitive to the ion

temperature when R*/Pi iu F.eld ●pproximately conetant.

The preoent work was ccnductmd on the FRX+ devfce. 1 The meter-long,

12.5-cm radius (rc), theta-pinch coil ie driven by s recently ●nlarged capacitor

bank of 78 uf charged to 40 kV. Ten-percent mirror fields on-axis are produced

at tha end of the coil through shaping of the coil ends. The magnetic field

rices in 2.6 umec from a bias field leval of -3.0 kG to the maximum field valu~

of approximately 13 kG, The field is then crowbarred, settles to ●bout 9.5 kc

●t 10 ueec and decays with a time conetant of 150 usec. The Flaoma is

pre-ionized with ● 10-usec burst of RF at approximately 70 MHz, f~?l~wed by ●

:inging theta-pinch discharge at approximately S00 kHz.

Figure 2 contains plots of the ●table period, IB, vs l/Pi ●nd R2/Pi for all

FR% ●pediments to date. The quantity R iY determined from ●xcluded flux

measurements in the ●xial midplane using rA$ “ ra and re = ~JR (rA$ ~a the

●xcluded flux radiusl ●nd ra is the eeparatrix radiua). The first ralation

requiree straight fiald li,lee ●nd the ●boence of pl.auma preaeure on open field

linae. These ●scumptiono have been found to be well justified.* The second

relation follows from radial preeeure bala~ce ●nd ●quilibration of plaema

praeaura on flux surfaces.

The ion gyro-radium is calculated with raepact to the external magnetic

fiald. ~.e ion temperature wse determined from !“appler broadening of the 2271 A

line of carbon V. The polyc~.fomator used in thim measurement viewed the plasma

●lcm8 a diameter in the ●xial midplane.

‘7 R2/Pi with T. in ●ec, RTha moat satisfactory ac&lin8 ID T- u 6.0 x 10

●nd PI in cma It must be poin~ed out that the value of R veried by no more then

30X for these dat~ bile Pi varied by ● factor of 41 th’~s, the scalin8 with

respect to Pi ie much more definitive than with reopect to R. It is, however,

noteworthy that the inclusion of the R2 factor consid~rably reducee the ecatter

in the data.
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The convenient use of R in parametrizing the PRC should not obscure the

fact that the tranoport 10 detemoined by the detailed radial density profile.

Particularly significant are the deneity gradient length (gn = (:+) ‘1) and the

density (na) ●valuatb!d at the separatrix. It in the relative nize of the ion

gyro-radius at re compared to In and the magnitude of na that govern tbe

diffunive 10EIB of particles acroas the neparatrix. For given values of R, Pi,

and R/rc, the radial density profile 16 theoretically determined by pressure

balance and particle tranaport. lllus, in a coil with fixed rc, the readily

determined variables R and pi are ●pparently sufficient to ●stablish In and n~,

●nd consequently, the confinement scaling.

Experiments were undertaken jn which the external magnetic field, B, waa

varied by chan~fng the ❑ain-bank charge voltage. The D2 filling pressure was

held constant at 17 mTorr. lt is found that for these data, Pi 1s approximately

invariant and, to an evan better ●pproximation, so la R*/Pi. With or without

the small variations in R*/Pi taken into account, it is apparent in FIR. 3 that

IS la virtually independent of ion temperature for 200 ●V < ‘Ii < 1200 eV.

iII. FRC Equilibrium constraints on Radial Tran~port

Radial transport of particles ia a crucial issue for FRC plaemas. In the

absence of !4HDInetabiliticg, it limits the lifetime of the conf+.gureticn and,

aa diecusaed above, it may be responsible for the oneet of the destructive n = 2

inrntability. The balance batween plaama preaaure and field line tension in an

●longated 2-D ●quilibrium roquiresl

(1)

2
where <0> la the average B - p/(B /21Jo) over thw separatrix volume, ●nd where Xa

ia the ratio of eaparatrix to conductinfi wall radiuna Eq. (1) ●uggeat~ that for

preoent typical valuto of x, (0.4-0.5) the averaso B mot be of order unity,

which nece~sarfly implies ● fairly flat radial density profila vi”h very steep

density ~radients {n the vicinity of tht separatrtx since the open field line

plaama la poorly confinedo Radial

be Incroaoed ●ubotantially by thooe

desirable to make x. ●a large

Sradiontu, am ●usseatad by Eqo (1)0

tranaport (posoibly of ●nomalouo ❑ature) MY

●trong density #radicnta, Thus, it may be

●a poasiblm in order to ❑inimize presaura

There is ●xperimental ●vidanco6 that Shia
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approach can result in long-lived FRC’S. Alternatively, it ❑ay be possible to

improve the confinement of plaema on open field lines by some means ouch as

~l~iple mirrors, ●nd thereby reduce the pressure gradient at the FRC boundary.

1; order to Incrzase X8, one haa to increaee the amount of trapped flux

@i = ~ B 2Wrdr of the FRL. Ihe largest possible flux that can be trapped in
05

40 = ~rt Bl, where rt is the inner radius of the discharge tube and B1 la the

❑agnitude of the biaa field. Pra-ionization, field revermal, Implosion and

formation of the 2-D ●quilibrium may all contribute to loss of trapped flux.

For the recent FM-B ●xperimental results described in Section II of this paper,

one can infer a value for $i/o= of about 0.13. I%e lose of flux implied by

@i/@o can be explained in part by •no~loua reai~tivity durin8 the imlo~ion

phase ●ccordin8 to numerical modelin8.7’8 Pre-ionization procemaee aleo appear

to be important 9 and improved pre-ionization schemes nt lar8er values of bias

field are under study10 to increase the final value of @i/oo ●nd, therefore, Xa.

IV. Scalin8 Laws for FRC Formation

A semi-empirical method haa been developedll to extrapolate the

experimental rasulte of past FRX-B workl to new similar ●xperiments. The model

ueee dimensionless empirical constants, xh to scale the implosion heatiniz phase!

xf (equal to O1/$.) for the trapped .lux, xB as the ratio of bi- field to a

maximum value first identified by Cr*en and Newton 12 and Xp n~ the fractiori of

the initial particles co.ltained in the formed equilibrium. From FM-I! datn, the

values of chase constant. ●re fixed to 0.C6, 0.13, 0.750 and 0.3>, raspectivaly.

For a 8iven device and fill pressure PO. the model predicts the temperature

(Te + Ti), density, ●xtarnal confinin8 fiald (3), ratio of major radiue R to ion

gyro-radiua Pi (S) ●nd the plaama dimensions (xe ●nd z. = L planmalL Ceil) for

●n ●10n8at*d 2-D ●quilibrium-

For the recent high-field oparation of FRX-B described III the firmt part of

this paper, the experimental valuae of Xe, Te + Tj, B ●nd S ● re obt~ined for

varioua valuee PO. 10 uaec ●fter the initiation of the main bank. The ion

temparatura is ❑aasured diractly by CV broadanin8 measurements, but tne ●lectron

temparatllre is ●smmad to b~ 150 QV bamad on Thomson ●catterin8 wasuremento

previously made undar ●imilar conditions.l These valuea, with typical ●rror

bara, (averaged over .av@ral ●notm) ● ra plotted in Fig. 4, ●long with the

predictlona of the model Sor thio particular ●xperimant. One obc~rves from

Flu. 4 that there is ● reaaotiable ●greament betwean tha recults of tho model ●nd
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the experimental values, except foz the length of the configwratior, (Z~) which

1s predicted ta be in the range 0.3 to 0.5. Data (not Included in Fig. 4) from

an axial array af ●x:luded flux lGops Indicate Za - 0.8 t 0.2, with no

noticeable dependence on Po. The othemise generally good ●greement gives us

● me confidence that the model can be used to eetinate the paramatere of future

experiments, in particular those of P’RX-C=

V. ‘Ilte FRX-C Experiment

The main goal of PM-C la to test the confinement acaiing of an FRC o’

larger dimen~ions over a wide rang~ of temper~taree. l%e predicted parameter”

of P’RX-C are Siven by compnriaon to theme of PRX-B in Table I. Ae ●een from

Table I, the larger COL1 diameter (and, therefore, larger R at fixed X9) ehould

allow a substantial ●xtension of the FRC confinement scaling with R/Di and also

test the poeaible stability limits as the ratio of plamma al-e to icr.

8yro-radiua increaaee. The lar8er bank snd loop voltage (110 kV againat L5 kV

for FRX-B) are requirad to obtain adequate temperature over a wide range of P.

and enough adiabatic comproseion to contain the plasma within the coil length.

A dual fead wae chnaen to ●chie~e the effective 110 kV voltage on the

theta-pinch coil with the ●ame spark-8dp technology as for FRY-9. The fir9t

operation of FM-C I@ ●cheduled for Pay 1981.

Plottad in Fig. 5 ●re predictions of FRX-C parameter based on the

previously described formation modal and the device paramatere corresponding to

the case c? Table 7. om4 observes from Fige. 6 and 5 that the expectad valueo

r ur ‘a ●re in the sa~e range (0.~~ to 0.5) ae for the FRX-B sxpariment, which

raflecce the ?~it tl,at the same fraction of trapped flux (01/$0 ‘0013) haa been

aeeuned in toth carnee. Lar8er valu~e of x. would be ●chiavad if one can

Incraase tL- :’inal valu~ of 61/4.9 Onm also obaervea from Fi8e. 3 ●nd G thu

●ubttantial Increaee In tha ran8e of S ●chievable in FRX-C by comparison with

?RX-B . Evan larger values of S could be ●chieved if the trapped flux fraction

●xcmcda the <alue of 0.13 aseumed in theoa calculations.



Parameters

coil diameter

coil length

discharge tube id.

source voltage

B-field awing

1/4 period time

crowbar time

bank energy
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Table I

FM-B

25 cm

100 cm

20 cm

40 kV

16kG

2.6 ueec

150 paec

62 kJ

m-c

45 cm

200 cm

40 cm

110 kV

16 kG

5 vsec

300 b3ec

510 kJ
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Figure Captiona

Figure 1. The FRC is seen inside the theta-pinch coil. The axial vectors are

magnetic field lines and the azimuthal vectors show the direction of the

plasma currents.

Figure 2. me value of Ts la plotted a) w l/oi and b) w R*/Di for all FRX

experiments to date. Each data point 18 representative of not less than

~ shots and typical rma deviation for T~, l/pi, and R*/pi were 5%.

Figure 3. The value of Ta and TS/(R2/Pi) is plotted ve Ti. The data represent

the aRme shots as in Fig. 2. The rms deviationa in TS and ~~/(R2/pi) do not

●xceed 10%.

Figure 4. Formation model predictions for FRX-B as a function of fill pressure

P.. Experimental data points are indicated for comparison.

Figure 5. Formation model predictions for FRX-C ●s a function of fill preaaure

P..



#



50~ I I I I ● I

●

40 – ■ ■

x %.3

x

z 30–
inCnI ●

w d ●

<. - x
Nm b“

20“ o FRX-A’77 16kJ
● FREE ’78 2!ikJ 7
X FRX-B ’79 Slkl

● FRX-B ’80 78kJ
10–

At

o- 1 I I 1 I

1 2 3 4 5

l@(cm-5
I

●

●

☎

0



1I I I I I I I I I I

50 – ● .

40 – B go
●

.- x%
y o 30–

‘1

●

x:
IJm2C-

L

~:
o FRX-A’7716kJ

●
● FRX-B’78zskj

10

L)
X FR)(-B’79slkj
m FRX-B’8078kJ

I I [ I I I [ I 1
0 10 20 30 10 50 60 70 W 90 100 110

R2/p. (cm)I



.

●✎

. . .

x
m
<0

.

XO
x o

ox

ox

.-

kl

& I I
0 0

0

7_~ (psec)

Fig, 3



1,5

1.0

0

(

,,

rl

‘B,

ii
,---

= -

mr*.#”d’
,0

,0
# z,

I 20 40 60
PO(mTorr)

wit?. A



5

30

20

0,5

0.4

0.3

.

.
P

.

.

20 40

P. (mtorr)

10

Fig. 5


